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In the present work, SiC ceramics was fabricated with AlN using B4C and C as sintering aids by a solid-state pressureless-sintered method. The
effects of AlN contents on the densiﬁcation, mechanical properties, phase compositions, and microstructure evolutions of as-obtained SiC
ceramics were thoroughly investigated. AlN was found to promote further densiﬁcation of the SiC ceramics due to its evaporation over 1800 1C,
transportation, and solidiﬁcation in the pores resulted from SiC grain coarsening. The highest relative density of 99.65% was achieved for SiC
sample with 15.0 wt% AlN by the pressureless-sintered method at 2130 1C for 1 h in Ar atmosphere. Furthermore, the fracture mechanism for
SiC ceramics containing AlN tended to transfer from single transgranular fracture mode to both transgranular fracture and intergranular fracture
modes when the sample with 30.0 wt% AlN sintered at 1900 1C for 1 h in Ar. Also, SiC ceramics with 30.0 wt% AlN exhibited the highest
fracture toughness of 5.23 MPa m1/2 when sintered at 1900 1C.
& 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Silicon carbide (SiC) has been widely used for ceramic
engine components, refractories, wear-resistance tools, electro-
nic devices, and heat exchangers due to its high thermoche-
mical stability, good mechanical properties, high wear and
corrosion resistance, excellent oxidation resistance, and
strength retention to high temperature, etc. [1–4]. Aluminium
nitride (AlN) displays excellent properties such as low density,
high thermal conductivity and electrical resistivity, as well as
excellent oxidation and thermal shock resistance [5–7]. More/10.1016/j.pnsc.2016.01.012
16 The Authors. Production and hosting by Elsevier B.V. on behalf
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.importantly, AlN has similar 2H crystal structures and patterns
with SiC [8]. Culter et al. [9] proposed that AlN and SiC can
form a complete solid solution, which can improve the
mechanical performance of the as-obtained ceramics because
of their similar structures and high temperature properties.
Numerous studies for the synthesis of SiC–AlN solid-solution
have been reported [10–14]. These SiC–AlN ceramics were
mainly fabricated using a liquid-phase-sintered (LPS) method
by adding some oxide additives, such as R2O3 (R¼Y, Lu, Sc,
etc.). And the LPS–SiC ceramics indeed possess excellent
properties, especially mechanical properties at room tempera-
ture. However, the liquid phases may degrade the bending
strength at high temperatures (above 1400 1C) because of the
formation of glassy grain boundary phases [15].of Chinese Materials Research Society. This is an open access article under the
Table 1
Physical characteristics of the starting α-SiC powders.
Composition (wt%) Average particle size D50 (μm)
SiC SiO2 Fe2O3 Free Si Free C Mg
2þ Ca2þ
Z98.5 r0.20 r0.05 r0.03 r0.10 r50 ppm r50 ppm 0.45
Table 2
Physical characteristics of the starting AlN powders.
AlN (wt%) Oxygen (wt%) Fe Average particle size D50 (μm)
Z99.0 r0.80 r40 ppm 0.45
Table 3
Compositions and sintering temperatures of each sample.
Abbreviation Compositions (wt%) Sintering-temperatures (1C)
SiC AlN B4C PF
A1 100.0 1.0 1.0 8.0 2160, 2130, 2100, 2000, 1900
A2 100.0 5.0 1.0 8.0 2130
A3 100.0 10.0 1.0 8.0 2130
A4 100.0 15.0 1.0 8.0 2130
A5 100.0 30.0 1.0 8.0 2160, 2130, 2100, 2000, 1900
Table 4
Weight loss and density of samples with different AlN contents and sintering temperatures.
Abbreviation Sintering temperatures (1C) Weight loss (%) Bulk density (g/cm3) Theoretical density (g/cm3) Relative density (%)
W1 W2 W3
A11 2160 5.29 4.91 0.38 3.107 3.168 98.074
A12 2130 5.13 4.91 0.22 3.130 3.168 98.801
A13 2100 5.05 4.91 0.14 3.081 3.168 97.254
A14 2000 4.99 4.91 0.08 2.988 3.168 94.318
A15 1900 4.97 4.91 0.06 2.933 3.168 92.582
A22 2130 5.54 4.74 0.80 3.136 3.171 98.896
A32 2130 7.99 4.55 3.44 3.156 3.175 99.402
A42 2130 8.51 4.37 4.14 3.167 3.178 99.654
A51 2160 24.64 3.90 20.74 2.436 3.187 76.436
A52 2130 22.79 3.90 18.89 2.579 3.187 80.922
A53 2100 17.65 3.90 13.75 2.911 3.187 91.340
A54 2000 8.39 3.90 4.49 3.121 3.187 97.929
A55 1900 5.53 3.90 1.63 3.037 3.187 95.293
W1, the real weight loss during the sintering process; W2, the calculated weight loss due to carbonization of PF during the sintering process; W3¼W1W2, the
calculated weight loss due to the evaporation of AlN during the sintering process.
Q. Li et al. / Progress in Natural Science: Materials International 26 (2016) 90–96 91Solid state pressureless-sintered SiC with additions of boron
and carbon exhibits excellent corrosion resistance, high
strength and hardness from room temperature to elevated
temperatures [16]. However, its fracture toughness is relatively
low due to substantial transgranular fracture mode, which
hinders their practical applications.
Since both SiC and AlN can bear a high temperature, and
they can also form a solid solution, it is possible that addingAlN into SiC ceramic matrix to obtain SiC ceramics with high
fracture toughness and bending strength at both room tem-
perature and high temperatures by the solid-state sintering
method. Lee et al. [17] prepared AlN–SiC (–TiB2) ceramics
with B, B4C and C by hot-pressing at 1950–2200 1C in Ar
atmosphere. However, they mainly studied the thermal decom-
position, densiﬁcation behavior, and phase compositions of the
AlN–SiC (–TiB2) systems, with only few discussions on the
Q. Li et al. / Progress in Natural Science: Materials International 26 (2016) 90–9692fracture toughness. Moreover, there are very few reports
regarding the SiC ceramics with AlN using B4C and C as
sintering aids by a solid-state pressureless-sintered method.
In this study, dense SiC ceramics was fabricated with AlN
using B4C and C as sintering aids by the solid-state pressure-
less-sintered method, and the effects of AlN on the densiﬁca-
tion, mechanical properties, phase compositions and
microstructure evolutions of SiC ceramics were investigated
to assess the potential to manufacture SiC ceramics with high
fracture toughness and bending strength at both room tem-
perature and high temperatures.Fig. 2. Weight loss and relative density of samples sintered ranging from 1900
to 2160 1C in Ar with different AlN contents.2. Materials and methods
α-SiC powders (Hengxin Silicon Carbide Micropowder Co.
Ltd., as described in Table 1), AlN powders (Hefei MoK
Advanced Materials Technology Co. Ltd., as described in
Table 2), B4C (Mudanjiang Jingangzuan Boron Carbide Co.
Ltd., D50–1.5 μm, purity of 97.0 wt%), and liquid phenolic
resin (PF, Laiwu Runda New Material Co., Ltd., theoretical
carbon content 45.0 wt%, acting as the binder and C source)
were used as raw materials.
The weighed SiC, AlN, B4C, and PF were ball-milled for
24 h in a Nylon pot with SiC balls and ethanol. After ball-
milling, the mixtures were dried, crushed, sieved, and uni-
axially dry pressed into cylinder samples with a diameter of
65 mm and a height of 6 mm under 30 MPa. Subsequently, the
samples were isostatically pressed under 200 MPa for 300 s.
The sintering was performed in a graphite resistance furnace in
ﬂowing Ar atmosphere, holding for 1 h under different
sintering temperatures without powders bed. The compositions
and sintering temperatures of each sample are listed in Table 3.
The weight loss of the sintered samples was measured. The bulk
density of the sintered samples was measured by the Archimedes'
method, and the approximate theoretical density was calculated
from the initial compositions by the rule of mixtures (neglecting







ð1ÞFig. 1. Weight loss and relative density of samples with different AlN contents
sintered at 2130 1C for 1 h in Ar.where Wi is the quality percentage content of composition i, and
ρi is the density of composition i. Note here that the densities
value used for α-SiC, AlN, B4C and C were 3.22, 3.26, 2.52 and
2.28 g/cm3, respectively. The relative density was calculated by
comparing the bulk density with theoretical density.
The sintered samples were ground and cut with a diamond
saw into bars of 3 mm 4 mm 40 mm. The bars were mirror
polished using diamond slurries. The three-point bending
strength measurement was carried out by an Electromechanical
Universal Testing Machine (CMT 5105, Shenzhen Suns
Technology Co., Ltd.) at a speed of 0.5 mm/min with a span
of 20 mm at room temperature. The fracture toughness of the
samples was measured using a three-point loading and single-
edge notched beam technique with a notch of 0.1 mm width
and 1.0 mm depth, a span of 20.0 mm and a speed of 0.05 mm/
min. Seven bars of each sample were tested to obtain an
average value. The phase identiﬁcation was performed usingFig. 3. XRD patterns of different samples. (A) raw α-SiC powders; (B) raw
AlN powders; (C) sample sintered at 2130 1C with 1.0 wt% AlN; (D) sample
sintered at 2130 1C with 10.0 wt% AlN; (E) sample with 30.0 wt% AlN
sintered at 2130 1C; (F) sample with 30.0 wt% AlN sintered at 2000 1C. ☆, α-
SiC, ICDD PDF 49-1428; ▲, α-SiC, ICDD PDF 31-1232; ◇, 4H–SiC, ICDD
PDF 73-1664; *, 6H–SiC, ICDD PDF 73-1664;, AlN, ICDD PDF 75-1620; þ ,
AlN, ICDD PDF 25-1133.
Q. Li et al. / Progress in Natural Science: Materials International 26 (2016) 90–96 93the X-ray diffraction analysis (XRD) (D/MAX-γ C) with Cu
Kα radiation. Microstructural observation was carried out
using a ﬁeld emission high-resolution scanning electron
microscope (SU-70, Hitachi).3. Results and discussion
3.1. Densiﬁcation behavior
The detailed weight loss and density of SiC ceramic samples
with different AlN contents and sintering temperatures are
shown in Table 4, and the intuitive variation tendencies of
weight loss and density are shown in Figs. 1 and 2.Fig. 4. SEM images of fracture surfaces of different SiC samples. (A) sample sintere
AlN; (C) sample sintered at 2130 1C with 15.0 wt% AlN; (D) sample sintered at 21
(F) sample sintered at 2000 1C with 30.0 wt% AlN.As the AlN content increased from 1.0 to 30.0 wt%, the
weight loss of the SiC samples sintered at 2130 1C for 1 h in
Ar increased monotonically as shown in Fig. 1. When the AlN
content exceeded 15.0 wt% signiﬁcant weight loss was
observed, and the weight loss of sample with 30.0 wt% AlN
was 4 times more than that of sample with 15.0 wt% AlN.
However, the relative densities initially presented a slight
increase at lower AlN content, after which a sharp decrease
was observed as the AlN content increases. The highest
relative density of 99.65% was obtained for the sample with
15.0 wt% AlN sintered at 2130 1C for 1 h in Ar.
In SiC–B4C–C system [18] the densiﬁcation process always
accompanies with SiC grain coarsening. To some extent,
coarsening, rather than densiﬁcation, is preferential duringd at 2130 1C with 1.0 wt% AlN; (B) sample sintered at 2130 1C with 10.0 wt%
30 1C with 30.0 wt% AlN; (E) sample sintered at 2160 1C with 1.0 wt% AlN.
Q. Li et al. / Progress in Natural Science: Materials International 26 (2016) 90–9694the sintering of SiC, which also constitutes a kinetic obstacle
for the complete densiﬁcation, due to a relatively high vapor
pressure of SiC. During the sintering process the smaller SiC
grains, with small radii of curvature, tend to evaporate and
condense on the larger particles, resulting in coarsening of theFig. 5. Bending strength and fracture toughness of SiC samples with different
AlN contents sintered at 2130 1C for 1 h in Ar.
Fig. 6. Bending strength and fracture toughness of samples sintered ranging
from1900 to 2160 1C in Ar with different AlN contents. (A1) 1.0 wt% AlN;
(A5) 30.0 wt% AlN.
Fig. 7. SEM images of fracture surfaces of SiC samples. (A) sample sintered at 213
Ar with 30.0 wt% AlN.microstructure without the elimination of pores [19]. There-
fore, the pores resulted from SiC grain coarsening makes it
difﬁcult to obtain SiC ceramics with complete densiﬁcation.
However, owing to the lower covalency and refractoriness of
AlN compared to SiC, the AlN added into pressureless-
sintered SiC is expected to have evaporated (above 1800 1C),
transported and which ﬁnally, solidiﬁed within the pores. This
mechanism is expected to promote further densiﬁcation of the
SiC ceramics. Therefore, as the AlN content increases, the
evaporation and vapor pressure of AlN are enhanced, which
improve the mass transfer rate of AlN as well. This leads to the
transportation of more AlN particles which are expected to
solidify in the pores, thus producing samples with higher
density. However, when the added AlN content is relatively
high, the AlN is expected to have evaporated relatively fast
and considerably, causing more pores, thus creating samples
with lower density.
As shown in Fig. 2, the weight loss of the SiC sample A1
(1.0 wt% AlN) slightly increased when the sintering tempera-
ture increased from 1900 1C to 2160 1C for 1 h in Ar, while
the relative densities were found to increase ﬁrst, and then
decreased slightly, obtaining the highest relative density of
98.80% at 2130 1C. However, the weight loss of the SiC
sample A5 (30.0 wt% AlN) monotonically increased sharply
when the sintering temperature increased from 1900 1C to
2160 1C, while the relative densities were found to increase
slightly ﬁrst, and then decreased sharply. The highest relative
density of 97.93% achieved at 2000 1C. It was found that the
densiﬁcation-related mass transport was not enough for
pressureless-sintered SiC ceramics, with B4C and C used as
sintering aids at low temperature, even though the AlN could
evaporate above 1800 1C.
Due to the low AlN content the amount of evaporated
particles was insufﬁcient, which results in a lower AlN vapor
pressure. This lowers the number of AlN particles being
transported and reduces the amount of AlN particles that can
solidify in the pores. Therefore, it is concluded that the right
amount of AlN content should be added to pressureless-
sintered SiC ceramics, with B4C and C used as sintering aids,0 1C for 1 h in Ar with 1.0 wt% AlN; (B) sample sintered at 1900 1C for 1 h in
Q. Li et al. / Progress in Natural Science: Materials International 26 (2016) 90–96 95in order to obtain a high relative density above 97% at
sintering temperature as low as 2000 1C.
3.2. Phase composition and microstructure
As shown in Fig. 3, the XRD patterns of raw SiC powders
(Fig. 3A) were mainly composed of α-SiC (ICDD PDF 49–
1428). While the XRD patterns of samples sintered at 2130 1C
for 1 h in Ar with different AlN contents (Fig. 3C–E) mainly
correspond with 4H–SiC(ICDD PDF 73–1302), including
minor 6H–SiC(ICDD PDF 73-1664) peaks, and the 6H–SiC
peaks disappeared gradually as the AlN content increased from
1.0 to 30.0 wt%. However, no obvious SiC–AlN solid solution
(2H) peaks were retrieved by XRD patterns in any sintered SiC
samples, or only weak and inconspicuous SiC–AlN solid
solution peaks were retrieved. This is distinctly different from
SiC ceramics with AlN [15,16]. The possible reason might be
that the B4C and C in the pressureless-sintered SiC prevent or
inhibit the formation of SiC–AlN solid solution. The XRD
patterns (Fig. 3F) of SiC samples sintered at 2000 1C were
mainly identiﬁed with 4H–SiC (ICDD PDF 73–1302), includ-
ing minor AlN (ICDD PDF 25–1133) peaks. But still no
obvious SiC–AlN solid solution (2H) peaks were retrieved.
Comparing the XRD patterns of Fig. 3F with E, the AlN peaks
appeared when the sintering temperature decreased from
2130 1C to 2000 1C, because the AlN weight loss decreased
from 18.89% at 2130 1C to 4.49% at 2000 1C, and therefore
more AlN was remained.
The microstructures of fractured surfaces of samples with
different AlN contents and sintering temperatures are shown in
Fig. 4. It can be observed that the pores in the samples
signiﬁcantly reduced with the AlN content increasing from
1.0 to 15.0 wt% (Fig. 4A–C), big pores almost completely
disappeared, and only a few small pores were remained.
However, when the AlN content was 30.0 wt%, many big
pores (Fig. 4D) were observed due to the considerable
evaporation of AlN. The tendency of microstructure evolutions
was consistent with the densiﬁcation process of the SiC
samples. Comparing Fig. 4E with A, it is found that the
amount of pores increased largely, and the grains coarsened
more apparently, presenting a slab-ﬂaky microstructure. This
may be mainly attributed to the enhanced mass transfer due to
evaporation–condensation mechanism when sintering tempera-
tures increased from 2130 1C to 2160 1C. However, this
process might have led to the coarsening of the grain rather
than densiﬁcation [18,20]. Besides, the weight loss caused by
AlN evaporation also increased. However, when the sintering
temperature reduces from 2130 1C to 2000 1C, the big pores
disappeared completely and only small pores remained
(Fig. 4D and F). At higher AlN content, lowering the
temperature could considerably inhibit the quick evaporation
of AlN, which is against the densiﬁcation of SiC samples.
3.3. Mechanical properties
As the AlN contents increased from 1.0 to 30.0 wt.%, both the
bending strength and fracture toughness of the SiC samples(sintered at 2130 1C for 1 h in Ar) initially increased and then
decreased sharply (Fig. 5). This is essentially consistent with the
changing tendency of density. Samples with the highest bending
strength (383.83 MPa) and fracture toughness (4.58 MPa m1/2)
were obtained with 5.0 wt% AlN, respectively.
As shown in Fig. 6, when the sintering temperature
increased from 1900 1C to 2160 1C for 1 h in Ar, both the
bending strength and fracture toughness of the SiC samples A1
(1.0 wt% AlN) initially increased and then decreased slightly.
However, the bending strength of SiC samples A5 (30.0 wt%
AlN) presented a slight increase at ﬁrst and then a sharp
decrease, obtaining the highest bending strength of
395.91 MPa at 2000 1C, while the fracture toughness
decreased monotonically, achieving the highest fracture tough-
ness of 5.23 MPa m1/2 at 1900 1C. From these results, it is
clear that as the AlN content increases, the sintering tempera-
ture to obtain a high bending strength and fracture toughness
decreases, even below 2000 1C.
As shown in Fig. 7, the fractured surface of the SiC sample
(Fig. 7A) with 1.0 wt% AlN was almost smooth and neat, with
some tearing-open regions, clearly indicating a transgranular
fracture mode. However, when the AlN content was 30.0 wt%,
the fractured surface (Fig. 7B) was rugged, with both tearing-
open and pulling-out regions, indicating both transgranular
fracture and intergranular fracture modes, with a higher
proportion of intergranular fracture mode. This might be the
reason that adding proper amount AlN to pressureless-sintered
SiC ceramics could markedly improve its fracture toughness.
4. Conclusions
Dense SiC ceramics with high bending strength and fracture
toughness were fabricated with AlN by pressureless-sintered
method using B4C and C as sintering aids. The effects of AlN
contents on the densiﬁcation, mechanical properties, phase
compositions, and microstructure evolutions of pressureless-
sintered SiC ceramics were investigated by XRD and SEM
analysis. Although no obvious SiC–AlN solid solution (2H)
peaks were retrieved in the samples, adding AlN into SiC
ceramic matrix could promote SiC samples densiﬁcation, and
improve the bending strength and fracture toughness. We
believe that this study can provide a method to manufacture
SiC ceramics with high fracture toughness and bending
strength at both room temperature and high temperature by
pressureless sintering.
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